The relation between nonuniform epicardial activation and ventricular repolarization properties was studied in 14 pentobarbital anesthetized dogs and with a computer model. In 11 dogs, isochrone maps of epicardial activation sequence were constructed from eiectrograms recorded from the pulmonary conus with 64 electrodes on an 8 x 8 grid with 2-mm electrode separation. The heart was paced from multiple sites on the periphery of the array. Uniformity of epicardial activation was estimated from activation times at test sites and their eight neighboring sites. Acceleration shortened and deceleration prolonged refractory periods. The locations of acceleration and deceleration sites of activation differed during drives from various sites, and differences in uniformity of activation during pairs of drives were correlated to differences hi refractory periods (/ I =0.76, range 0.59-0.93). In three additional experiments, transmural activation sequence maps were constructed from eiectrograms recorded from needle-mounted electrodes placed upstream and downstream to epicardial activation delays. Activation proceeded from epicardium to endocardium upstream to the delays and from endocardium to epicardium downstream to the delays. A computer simulation of two-dimensional action potential propagation based on the Beeler-Reuter myocardial membrane model provided insights to the mechanism for the results of the animal experiments. The two-dimensional sheet modeled the transmural anisotropic histology of the canine pulmonary conus and corresponded to previous reports and histology of specimens from five experiments. Simulated activation patterns were similar to those found in the experimental animals. In addition, action potentials were electronically prolonged at sites of deceleration and shortened at sites of acceleration, results comparable to the animal experiments. Our findings demonstrate that the location of areas of nonuniform epicardial activation Is dependent on drive site and that nonuniform activation electronically modulates repolarization properties. Therefore it seems likely that the site of origin of ectopic ventricular complexes, especially in iscbemic myocardium where activation is nonuniform, could be an important determinant of whether ectopic activity initiates sustained tachyarrhythmias. (Circulation Research 1988;62:233-246) V entricular repolarization properties are largely but not entirely independent of ventricular activation sequence. Abildskov 1 found refractory periods were longer when activation was initiated at a test site than during fusion drives with collision of activation fronts near the test site. Toyoshima and Burgess 2 confirmed this finding and found that refractory periods decreased progressively as the distance between a test site and site of initiation of activation was increased. Subsequently, we found refractory periods were more dependent on activation sequence in ischemic than in nonischemic myocardium. 3 We hypothesized that the dependence of refractory periods on activation sequence was electronically mediated and that slow conduction in ischemic myocardium was the likely factor responsible for the greater dependence of refractory periods on activation sequence in ischemic than in normal myocardium. Results from a computer simulation of action potential propagation supported this hypothesis. 4 -5 The present study was aimed at defining the relation between nonuniform activation and repolarization properties. The results indicate that the location of sites of acceleration and deceleration is dependent on activation sequence and that refractory periods have their greatest dependence on activation sequence at sites where activation accelerates or decelerates. (Preliminary results have been reported in abstract form. 67 )
Nonuniform Epicardial Activation and Repolarization Properties of in Vivo Canine Pulmonary Conus
Mary Jo Burgess, Bruce M. Steinhaus, Kenneth W. Spitzer, and Philip R. Ershler
The relation between nonuniform epicardial activation and ventricular repolarization properties was studied in 14 pentobarbital anesthetized dogs and with a computer model. In 11 dogs, isochrone maps of epicardial activation sequence were constructed from eiectrograms recorded from the pulmonary conus with 64 electrodes on an 8 x 8 grid with 2-mm electrode separation. The heart was paced from multiple sites on the periphery of the array. Uniformity of epicardial activation was estimated from activation times at test sites and their eight neighboring sites. Acceleration shortened and deceleration prolonged refractory periods. The locations of acceleration and deceleration sites of activation differed during drives from various sites, and differences in uniformity of activation during pairs of drives were correlated to differences hi refractory periods (/ I =0.76, range 0.59-0.93). In three additional experiments, transmural activation sequence maps were constructed from eiectrograms recorded from needle-mounted electrodes placed upstream and downstream to epicardial activation delays. Activation proceeded from epicardium to endocardium upstream to the delays and from endocardium to epicardium downstream to the delays. A computer simulation of two-dimensional action potential propagation based on the Beeler-Reuter myocardial membrane model provided insights to the mechanism for the results of the animal experiments. The two-dimensional sheet modeled the transmural anisotropic histology of the canine pulmonary conus and corresponded to previous reports and histology of specimens from five experiments. Simulated activation patterns were similar to those found in the experimental animals. In addition, action potentials were electronically prolonged at sites of deceleration and shortened at sites of acceleration, results comparable to the animal experiments. Our findings demonstrate that the location of areas of nonuniform epicardial activation Is dependent on drive site and that nonuniform activation electronically modulates repolarization properties. Therefore it seems likely that the site of origin of ectopic ventricular complexes, especially in iscbemic myocardium where activation is nonuniform, could be an important determinant of whether ectopic activity initiates sustained tachyarrhythmias. (Circulation Research 1988; 62:233-246) V entricular repolarization properties are largely but not entirely independent of ventricular activation sequence. Abildskov 1 found refractory periods were longer when activation was initiated at a test site than during fusion drives with collision of activation fronts near the test site. Toyoshima and Burgess 2 confirmed this finding and found that refractory periods decreased progressively as the distance between a test site and site of initiation of activation was increased. Subsequently, we found refractory periods were more dependent on activation sequence in ischemic than in nonischemic myocardium. 3 We hypothesized that the dependence of refractory periods on activation sequence was electronically mediated and that slow conduction in ischemic myocardium was the likely factor responsible for the greater dependence of refractory periods on activation sequence in ischemic than in normal myocardium. Results from a computer simulation of action potential propagation supported this hypothesis. 4 -5 The present study was aimed at defining the relation between nonuniform activation and repolarization properties. The results indicate that the location of sites of acceleration and deceleration is dependent on activation sequence and that refractory periods have their greatest dependence on activation sequence at sites where activation accelerates or decelerates. (Preliminary results have been reported in abstract form. 67 )
Materials and Methods

Animal Experiments
Experiments were done on 14 mongrel dogs anesthetized with bolus intravenous infusions of sodium pentobarbital (30 mg/kg). Additional bolus infusions of sodium pentobarbital (30-60 mg) were given as needed to maintain anesthesia. The chest was opened with a sternal splitting incision and the animal ventilated with room air via a pump respirator. The heart was suspended in a pericardia! cradle, and the sinus node was crushed. The right atrial appendage was paced at 400-msec cycle lengths (S,-S,) delivered via a bipolar hook electrode. In 11 experiments, an electrode array, consisting of 64 unipolar silver electrodes mounted flush in a flat epoxy disk, was sutured on the epicardium in the region of the pulmonary conus. The electrodes were 0.5 mm in diameter and arranged in an 8 x 8 grid with 2-mm spacing between center of columns and rows of electrodes. The columns of electrodes were positioned approximately parallel to the long axis of the superficial myocardial fibers, which was visually determined and corresponded to anatomic reports. 8 Histologic examination was done on specimens from five experiments to further document fiber orientation. The heart was paced simultaneously from the right atrium and single electrode sites on the periphery of the electrode array. A needle electrode placed subcutaneously in the right thorax served as the indifferent electrode for ventricular pacing. Atrial pacing stimuli were bipolar and ventricular stimuli were unipolar cathodal. Both the atrial and ventricular stimuli were of 2-msec duration, twice diastolic threshold constant current stimuli. In each experiment, the heart was paced from four to eight ventricular sites. Electrograms were simultaneously recorded from the electrode array at 1,000 samples/sec using a 64-channel multiplexer recording and data processing system. The characteristics of this system have been previously reported. 9 A Wilson central terminal was used as the reference electrode for recording. In several experiments, a reference electrogram was also calculated from the average signal of all epicardial sites, excluding the stimulation site. The calculated reference electrogram was subtracted from the electrograms recorded from each site. This procedure minimized the effects of distant events on the unipolar electrograms. Activation times at each site were chosen as the time, with respect to S,, of the minimum derivative of the QRS in each electrogram referenced to the Wilson central terminal. Activation isochrone maps were displayed on a computer terminal, and during some experiments hard copies were obtained. On the basis of the isochrone maps, test sites in areas with marked differences in uniformity of activation during two activation sequences were chosen, e.g., a site where activation decelerated with one activation sequence and accelerated or was uniform with another activation sequence. All test sites were at least 5.7 mm away from the pacing sites. Our previous work 2 showed the effect of distance between test and drive site on refractory periods was minimal at distances greater than 4-6 mm. Refractory periods were measured with 2-msec-duration, twice-diastolicthreshold, constant-current cathodal stimuli delivered to the test site after every fourth S,. The test stimuli (Sŵ ere delivered early in the cardiac cycle and delayed in 1-msec increments until a response occurred. This procedure minimized the effects of premature responses on refractory periods. The activation time at the test site was subtracted from the S,-S 2 interval to determine the refractory period. Each drive was sustained for at least 3 minutes before the refractory period measurements were started. Five or more refractory period determinations were made during each drive, and 30-60 seconds were allowed to pass between measurements. The drive site was then changed, and five or more refractory periods were again measured at the same test site. The first site was again driven, and one or two more measurements were made to determine the stability of the preparation. If the refractory periods varied by more than 2 msec, the procedure was repeated. If stable measurements still could not be obtained, the data were discarded. The average refractory period for each drive was calculated. The same procedure was repeated to determine refractory periods at other test sites during other pairs of drives.
Given the epicardial location of the recording electrodes in these 11 experiments, the detailed threedimensional path of activation was unknown. Hence, exact determination of conduction velocity was not possible. An estimate of uniformity of epicardial activation was calculated from activation time data and the geometric relation of the electrodes. Nonuniformity of activation was calculated as the sum of the differences in activation times between a test site and each of its eight neighbors divided by the interelectrode distances ( Figure 1 ). Numbers calculated in this way will be referred to as the nonuniform activation index (NAI, msec/mm) and are equivalent to the second spatial derivative of activation time multiplied by the interelectrode distance. The theoretical basis for the relation between action potential configuration and the second spatial derivative of activation time is given in the "Appendix." A previously reported analytic development showed that conduction velocity is one of the five parameters that determine the electrotonic modulation of repolarization at sites of action potential collision. 3 The work presented in the "Appendix" extends these findings to spatial changes in conduction velocity and derives the NAI. The NAI provides a single quantitative index of uniformity of propagation in a discretely sampled area. Thus, the index reduces complex multidimensional activation patterns to one statistically useful parameter.
In the present study, the NAI was used to quantitate the relation between repolarization properties and the uniformity of activation. A positive NAI indicates slowing of epicardial activation or deceleration at the test site, and a negative NAI indicates acceleration at the test site. An NAI of 0 indicates uniform activation but does not indicate whether activation is fast or slow. The difference in NAI (ANAI) at a test site during a pair of drives and the difference in refractory period (ARP) at the same test site during the same pair of drives were calculated. Correlation coefficients between ARP and ANAI were calculated for individual experiments and for data pooled from all experiments.
In three additional experiments, transmural activation sequence was determined in regions upstream and downstream to sites of epicardial activation delays. A plaque with eight columns and four rows of electrodes was sutured to the pulmonary conus with the columns of electrodes placed approximately parallel to the long axis of the superficial epicardial fibers. Columns of electrodes were 2 mm apart, and rows of electrodes were 4 mm apart. There were also seven columns and three rows of holes centered between the columns and rows of electrodes in the plaque to permit transmural insertion of needle-mounted electrodes. Each needleelectrode array was 0.7 mm in diameter and had 12 unipolar 80-/im diameter electrodes spaced 1 mm apart. The needles were insulated except for the exposed surfaces of the electrodes. Epicardial activation maps were constructed during drives from single electrode sites at the periphery of the plaque electrode array. Areas of epicardial activation delays were identified, and five to seven needles were then inserted through the holes in the plaque to span the area of nonuniform activation. Electrograms were recorded simultaneously from the 60-84 needle-mounted electrodes and the 32 electrodes on the epicardial plaque using a 192-lead multiplexed data acquisition and processing system. 10 Histology At the conclusion of three experiments in which transmural activation sequence was studied and two experiments in which refractory periods were measured, the pulmonary conus was excised and fixed in 10% buffered formalin. Transmural sections were cut perpendicular to the epicardium at 2-mm intervals to correspond to electrode spacing. The cuts were made parallel to the superficial epicardial fibers in two specimens and perpendicular to them in three specimens. The specimens were routinely processed, paraffin embedded, stained with H and E and Masson's trichrome stain, and examined with a light microscope.
Computer Simulations
Computer simulations of two-dimensional action potential propagation were used to gain insights to the mechanism for the changes in location of epicardial activation delays during different activation sequences observed in the animal experiments. Transmural ventricular propagation was simulated by assuming the two-dimensional sheet represented a continuous plane oriented perpendicular to the epicardial and endocardial surfaces of the ventricular wall. The sheet was partitioned into a thick epicardial and a thin endocardial layer by modeling the epicardial layer using transverse cell-to-cell coupling resistance values in both directions and modeling the endocardial layer using transverse resistances in the transmural direction and longitudinal resistances in the other direction. This arrangement models the fiber orientation previously reported to exist in the region of the canine pulmonary conus 8 and confirmed by the histology of specimens from our experiments. The two-dimensional model used in this study differs from the two electrically interactive cables reported by Joyner et al" in that our model allows continuous transmural propagation. The two-dimensional model consists of electrically connected membrane segments defined by the Beeler-Reuter membrane model 12 with the reversal potential for the slow inward current fixed at 70 mV. Identical intrinsic membrane properties were assigned to all segments. The differential equation relating the membrane segments is an extension of the cable equation to two dimensions: 
where I,, is the membrane current (/i.A/cm 2 ); Sv is the surface to volume ratio of the cells (cm" 1 ); Ri, and Ri, are the specific cell-to-cell resistivities in the x axis and y axis directions (kdcm); Vm is the transmembrane voltage (mV); C m is the specific membrane capacitance (/iP/cm 2 ), and Ij is the total ionic current (jxAJcm 2 ). The sheet was terminated in open circuits on all four sides. The cellular cytoplasmic and junctional resistances were combined to form the equivalent segment cell-tocell resistivity (Ri). Two types of anisotropy in the epicardial layer were modeled, uniform and nonuniform. 13 The uniform model had cell-to-cell resistances that were uniformly higher in the transverse direction than in the longitudinal direction. The increased resistivity in the transverse direction modeled the overall resistive effects of cellular packing with reduced occurrence of intercalated disks in the transverse direction compared with the longitudinal direction. 14 The nonuniform anisotropy model, like the uniform model, had cell-to-cell resistances that were higher in the transverse than the longitudinal direction. However, in this case, the magnitudes of the higher transverse junctional resistances were nonuniformly distributed. This nonuniform distribution of junctional resistances was assumed to represent reduced electrical coupling of transverse cellular connections caused by connective tissue and/or reduced occurrence of gap junctions. In the experimental animals, areas of epicardial activation delays as great as 20 msec were often observed across a 2-mm distance. The activation delays were generally oriented parallel to the long axis of the superficial epicardial fibers. In the transmural maps, activation delays of similar magnitude were found underlying the epicardial activation delays and were perpendicular to the epicardium. Therefore, we modeled the electrical uncoupling of cell connections as affecting only transverse connections in the epicardial layer, which were oriented perpendicular to the epicardial surface (see Figure 6 , lower panel). It was assumed that only junctional resistances of cell-to-cell connections were affected and that extracellular resistance was unaltered. Resistivity of cell-to-cell connections in these areas of uncoupling was not assigned an infinite value because it was assumed that over the length of the numerical segment, several low-resistance junctional pathways still existed. Areas of electrical uncoupling were randomly distributed. Although recent studies report a possible directional difference in membrane capacitance," this feature was not implemented. In addition, previous analytical and simulation studies have shown that collision effects on action potential repolarization are independent of inhomogeneity in action potential duration 3 ; therefore, we did not assign an epicardial-to-endocardial gradient in action potential duration but did assign uniform properties to all membrane segments. Thus, inhomogeneity in action potential durations was solely the result of electrotonic interactions.
The equations describing the complete model were numerically solved by finite difference techniques using the Crank and Nicholson implicit method" and an alternating direction scheme 17 " similar to previous reports." A more detailed description of the numerical solution methods has been previously published. 20 Typically, each action potential was described by about 500 points, approximately 200 of which were in the upstroke. Activation time was chosen as the elapsed time from the start of the simulation to the upstroke, calculated at Vm = -80 mV. Action potential duration was computed at Vm= -80 mV. Each numerical integration segment was a parallelepiped with edges of length Ax, Ay, and Az (cm). Extracellular potential waveforms at selected positions were calculated assuming a homogeneous volume conductor surrounded the myocardial model. This assumption does not model the effects of either restricted extracellular space or extracellular anisotropy. While this assumption is only valid as a first-order approximation, the simulated electrograms were similar to those recorded in the animal experiments. The following equation 21 n was used:
Re
where EG,(f) is the electrogram potential at position x and time t (jxV), Re is the extracellular resistivity (flcm), M and N are the total number of numerical segments in the x and y directions, d M is the distance from electrode position x to numerical segment (i,j) (cm), 1,^(0 is the membrane current (/n.A/cm 2 ), Sv is the surface-to-volume ratio of the cell (cm" 1 ), and Ax, Ay, and A z are the spatial step sizes in the x, y, and z directions (cm). The electrograms were computed for an electrode position at a distance of 225 jum above the epicardial edge of the sheet surface.
The standard parameter settings were Ax (spatial step size x direction) = 0.45 mm, Ay (spatial step size y direction) = 0.45 mm, Az (spatial step size z direction) = 0.02 mm, surface-to-volume ratio = 5,000/cm, sheet size = 1.4 cm x 0.68 cm X 0.002 cm, total number of segments = 512 (32x16 grid), C m =1.0 AiF/cm 2 , cycle length = 800 msec, Ri (longitudinal axis) = 250 flcm, Ri (transverse axis) = 900 flcm, Ri (areas of increased cell-to-cell resistance, nonuniform model) = 9,000 flcm, and Re =100 flcm. Propagation was initiated by a square pulse of intracellular depolarizing current, twice diastolic threshold and 2 msec long. Stimuli were applied to five contiguous cells, unless otherwise indicated. To ensure steady-state conditions, each run consisted of pacing the cable twice with data recorded on the last beat. Programs were written in Fortran using double precision variables. An 800-msec simulation required about 3 hours of CPU time using either a Digital Equipment Corporation VAX 11/750 or MicroVAX-II computer.
Results
Animal Experiments
Isochrone maps of two activation sequences from a dog, one sequence initiated at the top near the center of the array and one initiated at the bottom near the center of the array, are shown in Figure 2 . Four sites at which refractory periods were measured during each drive are indicated by the numbers on the isochrone maps, and refractory periods and NAIs measured at those sites during each drive are indicated beneath the isochrone maps. Conduction velocity, calculated as distance between electrodes divided by the differences in their activation times, was faster in the direction parallel to the long axis of myocardial fibers than in the These findings demonstrate that deceleration was associated with prolongation of refractory periods and acceleration was associated with shortening of refractory periods.
The magnitude of nonuniform activation varied in different animals. Over all 11 experiments, the greatest deviation of NAI from zero at any test site during any drive averaged 22.1 msec/mm (range 6.6-35.6 msec/mm). The maximum deviation of NAI from zero at any test site during any drive was less than 10 msec/mm in only one animal. To assist in relating these NAI values to the magnitude of activation delays, refer to Figure 2 . Correlation coefficients between ARP and ANAI were calculated for each experiment and ranged from 0.59 to 0.93. The correlation coefficient between ARP and ANAI for data pooled from all 11 experiments was 0.76 (n= 115).
Examples of the spatial changes in epicardial activation delays during different drives are illustrated in the maps in Figure 3 . Shown in the upper six panels are activation sequence maps from one dog during pacing of six epicardial electrode sites. Activation delays were generally oriented parallel to longitudinal fiber axis, but during different drives, the delays occurred at almost all locations of the sampled area. The lower panel of Figure 3 shows maps from another dog and demonstrates the differing effects of epicardial and endocardial stimulation on the presence of epicardial activation delays. Propagation from epicardial drive A (left panel) resulted in activation delays in the center of the electrode array. In contrast, drive via a unipolar plunge electrode located on the endocardial surface approximately below site A (right panel) resulted in no activation delay.
In these experiments, changes in uniformity of epicardial activation were solely the result of changes in pacing site. No interventions were used that would be expected to alter membrane properties. It, therefore, seems likely that the observed changes were due to anatomic features of the right ventricular myocardium and the three-dimensional spread of activation. This hypothesis is supported by the epicardial and transmural activation sequence maps and selected electrogram shown in Figure 4 . The maps were constructed from data recorded from 32 epicardial surface electrodes and seven needle-mounted multielectrode arrays. Maps from two dogs are shown. The location of the plane of the transmural maps is indicated in the diagram at the top of the figure. The stars on the epicardial maps indicate the sites of insertion of the needle-mounted electrodes. Maps constructed from epicardial surface electrograms recorded before and after insertion of the needle electrode arrays did not differ from each other. In the maps shown on the left of the figure, the heart was paced at epicardial site A. On the epicardial surface, activation was faster along the long axis of fibers than across the transverse fiber axis, but in each direction, activation was relatively uniform. This pattern of activation is consistent with uniform anisotropy. On the transmural plane, activation initially spread radially from the epicardium near drive site A, the upper right portion of the map. Later, activation fronts were approximately perpendicular to the epicardium. Activation then proceeded faster on the endocardium than on the epicardium, a finding con-sistent with longitudinal orientation of epicardiaJ fibers. Then activation fronts slowly rotated, and activation spread obliquely from endocardium to epicardium. Maps from another dog are shown on the right side of the figure. The heart was paced from site B. As in the map on the left, epicardial activation was faster along the long axis of the fibers than transverse to them. However, an area of activation delay that cannot be explained on the basis of uniform fiber orientation alone can be seen near the center of the epicardial map. An area of activation delay, underlying the epicardial activation delay, can also be seen on the transmural map. Upstream to the delay, activation proceeded obliquely from epicardium to endocardium. Downstream to the delay, the activation fronts rotated abruptly, and activation proceeded from endocardium to epicardium. The waveforms recorded at sites 1 and 2 are shown at the bottom of the maps. Electrograms from sites where activation fronts proceeded from the epicardium to the endocardium (site 2, left panel, and site 1, right panel) had predominantly negative QRS complexes and positive T waves. In contrast, predominantly positive QRS complexes and negative T waves were recorded from sites where activation proceeded from the endocardium to the epicardium (site 1, left panel, and site 2, right panel).
Histology
In all specimens examined, fibers were uniformly distributed in the endocardial and epicardial layers. The fibers within a layer were parallel to each other, and the two layers of fibers were orthogonally orientated. A section of the pulmonary conus of one dog is shown in Figure 5 . The section was cut perpendicular to the epicardial and endocardial surfaces and perpendicular to the long axis of epicardial surface fibers. Therefore, the fibers in the epicardial layer are seen on end, and this layer is approximately one half the thickness of the ventricular wall. Although slight differences in fiber orientation might not be detected on this section, the arrangement of fibers within the outer and inner layers of the ventricular wall seemed uniform. Longitudinally oriented fibers were encountered in the inner half of the ventricular wall, and rotation of fibers between the outer and inner layers occurred abruptly, in accord with previous work.' The ratio of the thickness of the layers of orthogonally oriented fibers varied between animals. In the example shown, the endocardial layer was thicker than previously reported. 8 However, in other animals, the proportions of epicardial to endocardial layers correspond to the previous report. An orthogonal relation between epicardial and endocardial layers and abrupt rotation of fibers between layers was observed in all five specimens. The dark areas in the photomicrographs are collagenous material that stained blue with trichrome. Collagen was distributed throughout the epicardial layer.
Computer Simulations
Additional evidence for the mechanism of epicardial activation delays was obtained in a computer simulation of action potential propagation. Transmural propagation was simulated in a two-dimensional sheet oriented perpendicular to the epicardial and endocar- dial surfaces. Both uniform anisotropy and nonuniform anisotropy were modeled. Nonuniform anisotropy was modeled by assigning higher cell-to-cell resistances to a random distribution of discontinuous areas oriented perpendicular to the epicardial surface. Figure 6 shows the transmural activation sequence following stimulation at the indicated epicardial site of the uniform anisotropy model. The transmural spread of excitation was relatively uniform across the ventricular wall, and there were no marked activation delays. Near the drive site, wavefronts spread radially from epicardium to endocardium. Further from the drive site, wavefronts were approximately perpendicular to the epicardial surface with the most rapid conduction velocity occurring along longitudinally oriented fibers on the endocardial layer. At the right side of the transmural plane, wavefronts slowly rotated upward toward the epicardial surface. The surface electrograms (EG) membrane current waveforms (IJ and epicardial surface action potential durations (APD) were all consistent with propagation in a uniform anisotropic medium. This model was unable to account for the nonuniform activation and repolarization changes observed in the animal experiments. The bottom panel shows the activation sequence in the nonuniform anisotropy model after stimulation at the indicated epicardial site. An area of marked epicardial and transmural activation delay can be seen in the left center of the maps. Downstream to the delay, activation rapidly proceeded along the endocardial layer, and the activation fronts rotated sharply along the epicardial surface. Propaga- FIGURE 4 . Epicardial and transmural activation sequence maps constructed from simultaneously recorded electrograms from pulmonary conus of two dogs. A diagrammatic representation of a block of pulmonary conus is shown at the top of the figure. Transmural maps are of plane indicated by stippled area in diagram and were constructed from data recorded from seven needle-electrode arrays inserted at sites indicated by stars on epicardial activation maps. Arrows indicate direction of activation. In the map shown on the left, activation is relatively uniform on the epicardial surface. On the transmural plane, activation spread radially from epicardium to endocardium; then the wavefronts gradually rotated and spread obliquely from endocardium to epicardium. There were no areas of activation delays. In the map shown on the right, an area of activation delay can be seen in both epicardial and transmural maps. tion then proceeded nearly parallel to the areas of increased cell-to-cell resistance. With this orientation of wavefronts, the higher cell-to-cell resistances were nearly perpendicular to the activation fronts, and activation was relatively uniform. As shown in the plot of epicardial surface APD, duration increased at sites upstream from the delay and decreased downstream from the delay. When the endocardia] layer was removed from the nonuniform anisotropy model, initial activation near the site of epicardial stimulation was very similar to that in the model with the endocardial surface. However, at sites greater than 4 mm from the stimulus site, activation fronts did not bend upwards toward the epicardium but were oriented perpendicular to the epicardial surface, and epicardial conduction velocity was very slow (0.144 m/sec). In addition, action potential durations were highly disparate across the whole epicardial surface. Thus, the presence of the endocardial layer markedly affected the homogeneity of both epicardial activation and recovery patterns and was necessary to account for the experimental results.
A mechanism for the APD and activation pattern changes shown in Figure 6 is suggested from the membrane current (IJ-l * waveforms from two sites adjacent to the epicardial activation delay are shown. In both the uniform and nonuniform models, Assuming the nonuniform anisotropy model in Figure 6 represents the key features necessary to account for our experimental results, further simulations were performed to examine the influence of stimulation site on activation pattern. The results closely paralleled the dependence of locations of activation delays on drive site seen in the animal experiments ( Figure 3) . As in the animal experiments, epicardial activation delays occurred near the site of epicardial stimulation, and there were no marked epicardial activation delays in response to endocardial stimulation. In addition, the epicardial distribution of action potential durations was highly dependent on the stimulus location. When the model was stimulated from the endocardial surface, a very homogeneous epicardial surface action potential duration distribution resulted with only a 1.03-msec difference between the site with the maximum and minimum durations (271.12-270.09 msec).
Discussion
Results from both animal experiments and computer simulations previously reported from our laboratory suggested that conduction velocity is a major factor in the dependence of repolarization properties on activation sequence. The studies reported here were designed to establish the relation of nonuniform activation to repolarization properties. To accomplish this, differences in uniformity of epicardial activation during pairs of drives were related to differences in refractory periods during the same pairs of drives. Nonuniformity of activation was calculated from activation times at the test site, and its eight neighboring sites and the distances between the test site and its neighbors. The NAI provided an estimate of acceleration or deceleration at the test site. The theoretic basis for this index is presented in the "Appendix." A negative NAI indicated that epicardial activation approached the test site slower than it moved away from it (acceleration), and a positive NAI indicated that epicardial activation approached the test site faster than it moved away from it (deceleration). The NAI would be zero if differences in activation times among neighboring sites were uniform, regardless of whether conduction velocity was rapid or slow. Therefore, the index provides an estimate of acceleration or deceleration of activation rather than conduction velocity.
Conduction velocity is known to be dependent on myocardial fiber orientation, 23 " 27 and the pulmonary conus preparations displayed faster activation longitudinal to fiber axis than transverse to fiber axis. However, during some activation sequences, regions of marked deceleration of epicardial activation were observed that did not seem to be related to fiber orientation alone. Nonuniform activation (NAI>10 msec/mm) was detected at one or more test sites during at least one activation sequence in 10 of 11 animals studied. Tsuboi et al reported nonuniform activation patterns in 15 of 40 in vitro canine pulmonary conus preparations. 28 They discarded such preparations from their study because they attributed the delays to tissue injury resulting from dissection. We found a greater incidence of nonuniform activation than Tsuboi et al, probably, because we specifically searched for areas of activation delays during pacing from multiple sites. While the experiments do not reveal the exact physiological basis of the activation delays, several possibilities exist. These include tissue injury, regional differences in membrane properties, and areas of increased cell-to-cell resistance.
We had no evidence that tissue injury was responsible for the activation delays. The electrodes on the plaque array were flush to the surface of an epoxy disk and did not penetrate the epicardial surface. The entire array was attached to the pulmonary conus via sutures placed at the periphery of the disk, the sutures were at least 4 mm from the closest electrode, and there was no ST segment displacement in the electrograms to indicate tissue injury.
Although regional differences in membrane properties, such as a localized decrease in excitatory sodium current, would slow propagation, the conduction velocity in such an area would not be dependent on activation sequence. Since the myocardium was well perfused in our experiments and because regions of activation delays had different locations during various drives, spatial differences in membrane properties were unlikely responsible for the changes.
We propose that the regions of abrupt slowing in epicardial activation observed with some activation sequences but not with others resulted from activation proceeding through areas of increased cell-to-cell resistance. Increased cell-to-cell resistance may result from a reduction in numbers of gap junctions. This, in turn, could be due to either a regional transition in fiber orientation 29 or extracellularly distributed collagen. 13 Our histologic studies revealed no evidence of marked changes in epicardial fiber orientation that could account for the observed epicardial conduction delays. The studies suggested collagen distributed in the epicardial layer of the ventricle was a possible source of increased cell-to-cell resistance. We did not characterize the fine three-dimensional structure of the collagen (i.e., rods versus septa 13 ) but did document that it was widely distributed in the outer layers of the pulmonary conus specimens examined. Spach and Dolber reported age-related differences in transverse electrical cell-to-cell coupling in human atria. 30 Similar age-related changes in ventricular cell-to-cell coupling could account for the differences in magnitude of activation delays observed among animals in the present study. However, since the ages of the animals were unknown, this possibility cannot be addressed. With our 2-mm electrode spacing, one or multiple areas of increased resistance located between the electrodes would have identical manifestations in the activation maps. In the experiment shown in Figure 3 , activation delays were present over almost die entire sampled area when all activation sequences are considered. This suggests that areas of increased resistance were diffusely distributed and is compatible with electrical uncoupling of transverse myocardial fibers.
Regardless of the cellular basis of the increased cell-to-cell resistance, the three-dimensional aspects of the pulmonary conus played a key role in creating the activation patterns and accompanying repolarization changes. Unlike the case for a one-dimensional cable with a region of increased cell-to-cell resistance, the three-dimensional properties of the intact pulmonary conus provided an additional conductive pathway, allowing the epicardially initiated activation to spread transmurally towards the endocardium. On encountering longitudinally oriented cells in the endocardial layer, activation spread rapidly, and the activation fronts rotated. The reorientation of activation fronts resulted in propagation from endocardium to epicardium and collision at the epicardial surface. This initiation of activation on the epicardium and subsequent collision of activation at the epicardium produced, in effect, conditions similar to tiiose during propagation in a one-dimensional cable terminated in open circuits. Mathematical models and tissue experiments of one-dimensional action potential propagation in heart muscle and other excitable membranes have shown that the sites of initiation and termination (equivalent to collision) of action potential propagation produce changes in conduction velocity and action potential configuration. 0 -31 " 37 Electrical loading during the upstroke occurs at the site of initiation of action potential propagation. This results in decreased conduction velocity, increased action potential duration, decreased positive phase and increased negative phase of the extracellular potential during the upstroke, and decreased action potential amplitude and maximum upstroke velocity. Once the action potential propagates some distance, the configuration stabilizes. In contrast, at the site of action potential termination, opposite changes in conduction velocity, action potential configuration, and extracellular potential occur.
Support for the hypothesis that electrical uncoupling is the basis for the activation delays is shown in the activation sequence maps and electrograms in Figure  4 , in the histology of the pulmonary conus in Figure 5 , and in the simulations using the nonuniform anisotropy model in Figure 6 . There was good agreement between the computer simulations and animal experiments. First, location of areas of activation delay differed when drive site was moved. Second, there were predominantly negative deflections in the QRS of EGs from sites just upstream to the areas of activation delay and positive deflections from EGs from sites just downstream. Opposite deflections occurred in the T waves of EGs upstream and downstream to the delays. Third, sites just upstream to areas of activation delay had increased refractory periods (animal experiments) and action potential duration (computer simulations), while opposite effects occurred just downstream to the delay. Fourth, areas of epicardial activation delays were less marked during endocardial than during epicardial pacing. Although refractory periods were not determined in the computer simulation, previous simulation studies from our laboratory have shown that refractory periods from simulated normal myocardium are altered in a similar manner to action potential duration. 3 While other models may explain our results, the present simulations accounted for the main features of the experimental findings. Several other models incorporating barriers in various locations, including barriers placed parallel to the epicardium and endocardium, did not account for the experimental findings. In spite of the good agreement between our simulations and tissue experiments, there are limitations to the model. Although the Beeler-Reuter model does not include a quantitative description of all ionic currents responsible for mammalian myocardial action potential formation, it is a reasonable approximation of net ionic current. In addition, the simulated collisioninduced changes in action potential duration are very similar to those observed in mammalian ventricular muscle. 5 Modeling transmural propagation in the pulmonary conus as a two-dimensional plane was a simplification given the complex threeKlimensional properties of the area. Our rationale for this approach is based on the following. Consider the hypothetical case of a three-dimensional block of tissue composed of identical transmural planes that are identically coupled to each other electrically and activated simultaneously along a line that intersects each transmural plane at identical sites. In this situation, activation of the block will occur as a planar wave with no electrotonic interactions between planes. Since each plane will have identical propagation and repolariza-tion patterns, one plane is sufficient to fully characterize the block. While this is clearly an idealized situation, epicardial activation in the pulmonary conus usually proceeded along spatially broad fronts, maintaining parallel orientations of activation over several millimeters. This was especially apparent at sites of activation delay (Figures 2, 3, and 4 ). In addition, serial histological sections revealed a fairly uniform geometry of the outer and inner layers of the pulmonary conus. Thus, it seemed appropriate as a first-order approximation to model transmural propagation as a two-dimensional plane, recognizing it omits current pathways in the third dimension. Another limitation was the assumption of negligible extracellular resistance in comparison to cell-to-cell resistance. Although this is a valid assumption for superfused isolated one-and two-dimensional tissue preparations, it was an approximation for the situation modeled in this study. Large numerical spatial step sizes such as those used in the simulations reported here introduce changes in the computed action potential configuration when compared with simulations using much smaller step increments. 38 This is due to the finite difference solution technique that was used to solve Equation 1 and assumes isopotential values across each numerical segment and lumped resistance values between segments. The effects of this discretization error on the electrotonic effects of action potential collision have been reported in a previous study. 5 In brief, large spatial step sizes decrease conduction velocity, which increases the electrotonic currents during action potential propagation. This increases the action potential duration changes at sites of activation initiation and collision. Because of its size, the numerical segment used in this study models the characteristics of multiple physiological cells. Previous simulations have used multiple numerical segments for each physiological cell and have included a "T" resistance network to model the electrical equivalent circuit of the intercalated disks. These simulations have demonstrated the minimal influence of the disk structures on the collision effects during repolarization when normal physiologic ranges in disk resistance were modeled. 4 Because of these, previous studies, we felt justified in using a spatial step size that resulted in a reasonable amount of computer time necessary to simulate the transmural plane of the pulmonary conus. A much smaller spatial step increment would have changed the quantitative results by slightly reducing the computed conduction velocity and action potential duration changes. The two-dimensional model used in the simulations shown in Figure 6 was based on canine pulmonary conus fiber orientation previously reported. 8 Our tissue histology did not allow us to quantitatively assess the reported abrupt 90° fiber rotation, but it did confirm that fibers in the epicardial and endocardial portions of the pulmonary conus were orthogonally oriented. Incorporating gradual transmural fiber rotation in the model rather than abrupt transmural rotation would have altered coupling resistances but would not have qualitatively changed the activation patterns and epicardial APD distributions. Based on these considerations, the computer simulations are necessarily qualitative and do not prove the detailed mechanism of our experimental findings. However, we believe the proposed nonuniform anisotropy model does provide a reasonable explanation for the key features of our results. Thus, the model establishes a framework for further refinements as additional physiologic information is acquired.
The results of the present study have clinical implications. Although the focus of the study was to define the relation between epicardial activation delays and repolarization properties, electrotonic interactions at and near the delay sites also alter the action potential upstroke, producing changes in both the time course and time integral of the sodium current. 4 It is, therefore, possible that antiarrhythmic effects of agents that alter sodium current may be modulated to some extent by activation pattern and associated changes in sites of acceleration and deceleration of activation. In addition, it is possible that antiarrhythmic drugs that have different direct effects on longitudinal and transverse conduction velocity 39 may have indirect effects on repolarization properties. Another clinical implication is that an isochrone map during a single drive may not identify localized areas of high resistance parallel to propagation direction. As a corollary, it may be possible to infer the spatial distribution of zones of high cell-to-cell coupling resistance from isochrone maps of multiple activation orders. Certain disease states, such as myocardial infarction, are known to be associated with localized conduction defects, and the border zone between normal and ischemic myocardium is a region where a transition between normal and slow conduction is likely to occur. 27 Our findings indicate such regions could be susceptible to marked variations in the uniformity of both activation and repolarization properties when activation sequence is changed. Since conduction velocity and repolarization properties both play a role in vulnerability to ventricular arrhythmias, some ectopic sites could produce a more vulnerable state because they are associated with greater nonuniformity of activation and repolarization properties than other sites. Our findings imply that the site of origin of premature ectopic ventricular depolarizations could be an important factor in determining whether ectopic activity initiates ventricular tachyarrhythmias. contained in the leading wave (Qj, fiC) is the negative of the charge contained in the trailing wave (Q,, and is determined by:
where APH is the action potential height (raV), a is the cable radius (cm), Rj is the specific cell-to-cell resistivity (kftcm), and 0 is the conduction velocity (cm/sec). 5 Thus, the charge contained in axial current waves is determined by only action potential height, cable radius, cell-to-cell resistance, and conduction velocity.
The situation to be investigated is action potential propagation through the junction between two infinitely long one-dimensional cables positioned end-to-end. The difference in charge contained in the axial current waves between the two cables is the charge, defined by Equation 3, in the upstream cable minus the charge, defined by Equation 3, in the downstream cable. A charge imbalance, during both depolarization and repolarization, is the result of differences in any of the four parameters between the two cables. If the conduction velocity is the only difference between the two cables, the difference in charge in the axial current wave between the two cable halves (AQ r , AQ d , /xC) is:
where 9 A is the steady-state conduction velocity in the upstream cable (cm/sec), and 9 B is the steady-state conduction velocity in the downstream cable (cm/sec). The charge differences, AQ, and AQ,,, are dissipated (or supplied) at the cable junction and cause a change in transmembrane voltage at the cable junction, which spatially decays at a distance from the junction. The situation is similar to intracellular current injection at the junction. The voltage time area that accompanies transient current injection in an infinitely long cable is independent of the time course of the injected current,* 0 and the area (A, mV/sec) at the junction due to the current injection is given by:
where Q is the total injected charge O Q , and Rm iS the specific membrane resistance (kflcm 2 ). 41 To be consistent with the frame of reference in this development, a positive Q has a hyperpolarizing effect on the membrane potential. Note that Equation 5 is equivalent to the charge multiplied by the input resistance of the cable.
The analysis is complicated by the fact that the charge is injected throughout the action potential when membrane resistance is time varying. However, as shown in our previous work, 3 the results are not significantly affected by assuming a membrane resistance during depolarization that is much smaller than a constant membrane resistance during repolarization (Rin,, kflcm 2 )-Thus, the effect of a change in con-duction velocity on the change in action potential area at the junction (AAPA, mV/sec) can be determined using Equation 5 with the charge determined by Equation 4 and the membrane resistance defined as that during repolarization, neglecting the effect during depolarization. After substitution this becomes: 1 1 AAPA = -APHy(aRm r )/(8R i ) (---) (6) "A % In summary, nonuniform conduction (8 A -0 B ) will cause electrotonic modulation of action potential configuration. Acceleration (6 A <8 B ) will reduce action potential area, and deceleration (0 A >0 B ) will increase action potential area.
The spatial change in conduction velocity can be written in differential notation as:
where Ax is the electrode spacing (cm). Since 0 = dx/dt:
Thus, AAPA is directly proportional to dtt/dx 2 , the second spatial derivative of time. The NAI used in the analysis of the animal experiments was a numerical estimate of Equation 9 . Note that acceleration is the second temporal derivative of space (d^x/df 2 ), and NAI can be interpreted as spatial acceleration multiplied by the electrode spacing. A diagram showing the theoretical results of the effect of spatial changes in conduction velocity on electrotonic current during repolarization is shown in Figure 7 . For purposes of this presentation, a simplified three-cell cable was used to calculate the membrane current (IJ of the middle cell during three conditions: 1) normal propagation with constant velocity, 2) deceleration, and 3) acceleration. The sequence of activation was the same in all cases: upstream cell, middle cell, and downstream cell. In this simplified model, the three action potential configurations were not based on Beeler-Reuter equations but were described by mathematical functions. All three action potential waveforms were identical, and since the cells were not allowed to interact, their action potential configurations were independent of I m . The cells were not allowed to interact because with interaction, the change in action potential configuration would in turn change 1^, which would then further change action potential configuration and so on. In contrast, the noninteracting model was specifically chosen to simplify the situation by illustrating the maximum I,,, current and maximum net charge during repolarization available to modulate action potential configuration if the cells had been allowed to interact. The darkened area corresponds to AQ, of Equation 4 , which is the driving force in electrotonically modulating action potential area. This model differs from an interactive Beeler-Reuter model in that the I,,, in the latter case is attenuated somewhat by the source and input impedances of the interacting cells. In the upper panel, the cells were assigned activation times that resulted in uniform conduction velocity, and the net ^ during repolarization (darkened area) was zero. In the middle panel, the cells were assigned activation times that resulted in deceleration at the middle cell. At this deceleration site, the net I,,, during repolarization was positive, and action potential duration of this cell would have prolonged if the cells had been allowed to interact. The cells in the bottom panel were assigned activation times that resulted in acceleration. Under these conditions, the net I,,, during repolarization was negative, and action potential duration of this cell would have shortened if the cells had been allowed to interact. are 100 mV (Vm), 100 y.A (IJ, and  100 msec (Vm and IJ. 
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FIGURE 7. Effect of propagation with uniform conduction velocity (upper panel), deceleration (middle panel), and acceleration (lower panel) on membrane current in a noninteracting three-cell cable. This figure illustrates theoretic results derived in "Appendix." Vm represents cellular transmembrane potentials. All three action potentials have identical configurations. Left panel shows temporal relation of the three action potentials that occurred with excitation initiated at the upstream cell. Right panel shows resulting membrane current (IJ that would be available to electrotonically modulate center cell as activation proceeds from upstream cell to middle cell and then to downstream cell if cells were allowed to interact. Shaded areas correspond to net l m current during repolarization. A positive area would depolarize the cell and prolong action potential duration, while a negative area would hyperpolarize the celland shorten action potential duration. Normal propagation with constant conduction velocity resulted in zero net charge during repolarization. Deceleration caused a positive net charge during repolarization while acceleration caused a negative net charge during repolarization. All cells were coupled with I k£l resistors. Calibration bars
